Background: Skeletal metastases are the most common malignant tumor in bone. Certain types of cancer (e.g., of the prostate or breast) are particularly likely to give rise to skeletal metastases, with prevalences of up to 70%. The diagnosis of skeletal metastases has a major impact on the overall treatment strategy and is an important determinant of the course of illness and the quality of life. The goal of diagnostic imaging is to detect skeletal metastases early, whenever they are suspected on the basis of clinical or laboratory findings or in patients who are at high risk. Other important issues include assessment of the risk of fracture and the response to treatment.
A s the population ages, cancer is becoming more common (1) . Metastases are most commonly found in the lungs, the liver, and the bones (2) . In adults, metastases are the most common type of malignant tumor in bone. Certain types of cancer (e.g., of the prostate or breast) are particularly likely to give rise to skeletal metastases, with prevalences of up to 70% (3) (4) (5) . Any type of cancer that metastasizes via the bloodstream can infiltrate the bone marrow. Different types of bone metastases vary in their metabolic activity and in the reaction they induce in the surrounding bone; it is therefore important to choose the suitable imaging method(s) for each (Tables 1 and 2 ). Two typical diagnostic scenarios often arise in routine clinical practice:
• A patient not yet known to have cancer presents with bone pain or a pathological fracture, and the subsequent evaluation reveals metastatic disease.
• A cancer patient undergoes a staging evaluation to detect or rule out bone metastases, because metastatic disease would have a major effect on the patient's quality of life, course of disease, and prognosis, and on decisions about further treatment. In this review, which is based on a selective, up-to-date review of the literature (as of December 2013), we describe the role of various radiological and nuclear medical imaging studies in the detection and exclusion of bone metastases in patients with certain types of cancer. The available studies generally deal with only one tumor type per study and involve comparisons across imaging modalities, because a gold standard, e.g., documented histological findings, is generally unavailable.
Projectional radiography
Conventional projectional radiography still plays an important role in the diagnostic evaluation of bone metastases. Depending on their radiological appearance, bone metastases are classified as osteoplastic (bonebuilding), osteolytic (bone-destroying), or mixed. Osteolytic changes in some parts of the skeleton can be seen on plain films only if 50% or more of the bone substance has been destroyed (5, 6) . Metastases measuring up to 1 cm in the spongiosa of a vertebral body or in the marrow of a long bone can be missed on plain x-ray; on the other hand, pathological changes in cortical bone are detectable by plain x-ray even if they are only a few millimeters wide (5, 7).
The diagnostic utility of plain films of the skull, spine, and pelvis is limited by superposition effects. In these areas, the sensitivity of plain films for bone metastases is only in the range of 44-50% (8) .
Plain films are thus not suitable for use as a screening test. They were once considered the gold standard of staging for multiple myeloma (a major element in the differential diagnosis of osteolytic bone lesions), according to the so-called Paris scheme, but have been largely abandoned for this purpose in favor of low-dose CT, which is more sensitive and three times as fast (9) (10) (11) .
On the other hand, classic plain films in two planes still play an important role in the evaluation of bone pain. In particular, they can immediately reveal osteolytic lesions where a pathological fracture is in danger of arising or is already present (Figures 1 and 2) (5, 12) . Such fractures arise in ca. 9% of patients with bone metastases (12) . Plain films can also be helpful for the further evaluation of suspect scintigraphic findings (13) , although normal plain films do not rule out a metastasis in such cases.
TABLE 1
The most common types of cancer, the probability of bone metastases for each, and suitable variables to measure in imaging studies (31) +, suitable variables; (+), variables of limited suitability; #, special case: measurement of choline metabolism / PSMA-PET to detect prostate-specific membrane antigen by PET-CT; SCLC, small-cell lung carcinoma; NSCLC, non-small-cell lung carcinoma. 
Computerized tomography (CT)
Multislice spiral CT enables imaging of every part of the skeleton without superposition effects and is thus more suitable than plain films for the detection of metastases in anatomically complex areas, such as the thoracic spine. CT is highly sensitive for osteolytic and osteoplastic bone lesions involving cortical bone (Figure 3 ), but less so for tumors restricted to the marrow space, which must be very extensive to be detectable. As a result, CT is of limited use as a screening test for bone metastases, despite its high specificity. Yang et al. compared the four main screening modalities in a large-scale meta-analysis and found that CT has a sensitivity of 73% and a pooled specificity (per patient) of 95% (14) . Other authors made similar findings specifically with regard to metastatic breast cancer (15) .
For most types of cancer, CT is the modality of choice for staging in the chest and abdomen and for serial followup imaging. CT scans for these purposes encompass a large part of the axial skeleton and can thus detect, not just soft-tissue lesions, but osteoplastic or osteolytic bone metastases as well. CT is also used to assess the stability of bony structures that harbor metastases, particularly in areas of complex anatomy (5), and to obtain better structural definition of abnormal findings seen on scintigraphy or MRI. CT is the imaging method of choice in such situations because it enables the visualization of both trabecular and cortical bone with high resolution. Thus, for example, CT can be used to assess the risk of fracture arising from an already known spinal metastasis.
Skeletal scintigraphy, SPECT, and SPECT-CT
Skeletal scintigraphy ("bone scan") with labeled phosphonates enables visualization of local bone metabolism (turnover), which is activated in an early phase of some types of cancer. It thus detects metastases best when they are associated with marked reactive hypermetabolism of bone (e.g., metastases of prostate cancer, breast cancer, and neuroendocrine tumors) or generate bone matrix themselves (osteosarcoma). In contrast, scintigraphy is relatively insensitive for tumors that cause areactive osteolysis or isolated bone-marrow infiltration (renal-cell carcinoma, lymphoma). Moreover, bone matrix regeneration after the successful treatment of a bone metastasis can induce metabolic activation, which is sometimes misinterpreted as progressive disease-the so-called flare phenomenon. Skeletal scintigraphy is obligatory before radionuclide treatment with phosphonates coupled to alpha-or beta-emitting isotopes, e.g., 223 Ra (radium-223) treatment for prostate cancer.
Metastases in the axial skeleton that are not intensely hypermetabolic may escape detection in the planar images of conventional scintigraphy. The sensitivity and specificity of scintigraphy are both markedly increased with the use of contemporary types of SPECT and SPECT-CT apparatus (Figure 4) (16, 17) . In a study with a mixed group of patients, the addition of SPECT to scintigraphy raised the negative predictive value of normal scintigraphic findings to 98% (18) . The specificity is increased if the SPECT is immediately compared with, or acquired simultaneously with, a CT scan. The visualization by CT Figure 1 has a Mirels score of 9; in the cohort of patients that Mirels studied, the corresponding fracture risk was 33%. This robust scoring system provides a sound basis for judging whether a bone metastasis should be prophylactically treated to prevent fracture (33) . *This refers to the cortical circumference. of degenerative processes in bone or (for example) osteoporotic vertebral body fractures enables better pathophysiologic assessment of any hypermetabolic areas that may appear on scintigraphy. When SPECT-CT is used, the sensitivity and specificity for metastases of certain types of cancer, e.g., prostate cancer, rises above 90% (19) .
Magnetic resonance imaging
Magnetic resonance imaging (MRI), with its high soft-tissue contrast and high spatial resolution, reveals metastases in the bone marrow spaces early on, before any changes in internal bone structure arise that could be detected by CT. The use of T1-weighted and STIR sequences obviates the need for an intravenous contrast medium, so patients with poor renal function can also undergo MRI for this purpose. Whole-body MRI techniques for the detection of bone metastases are becoming widely available ( Figure 5) . A further advantage of MRI over CT for staging is that it does not involve any ionizing radiation. In the meta-analysis mentioned above, Yang et al. found that, on a per-patient basis, MRI is 91% sensitive and 95% specific (14) . It is thus superior to both CT and planar skeletal scintigraphy and roughly as good as PET-CT. These findings have been confirmed in further studies, e.g., in one involving breast cancer (20) . In another metaanalysis, MRI and PET-CT were both found to be more than 80% sensitive and more than 90% specific for the detection of bone metastases (21) . A prospective, double-blind trial also showed MRI to be superior to Tc-MDP scintigraphy reveals bone metastases. The SPECT image is free of superposition effects and thus enables the precise localization of many metastases. planar skeletal scintigraphy for the detection of bone metastases of breast cancer (22) . Further studies have shown that MRI is comparably useful for the detection of bone metastases of prostate cancer (23, 24) . It should be noted, however, that these studies did not involve any comparison of MRI with SPECT or SPECT-CT, which represent the current state of the art.
Hybrid techniques (SPECT-CT, PET-CT, PET-MRI)
Unlike skeletal scintigraphy, which depicts bone metabolism, PET-CT with specific radiopharmaceuticals depicts tumor metabolism all over the body, including in bone. It is a type of molecular imaging. The visualization of glucose metabolism by positron-emission tomography with 18 F-fluorodeoxyglucose, coupled with a simultaneously obtained CT ( 18 F-FDG-PET-CT), is now a standard diagnostic technique in oncology. In patients with lung cancer or malignant melanoma, for example, PET-CT with FDG has replaced other techniques for the detection of bone metastases ( Figure 6 ); as these are highly metabolically active tumor types, metastases can be detected with high sensitivity and specificity. Because of the high tumor contrast, metastases in other organ systems or in the soft tissues can be detected as well. 18 F-FDG-PET-CT can thus be used for complete staging of these tumor types, among others (25) .
All imaging methods have strengths and weaknesses, depending on their underlying principles. Hybrid apparatus can be used to combine the strengths of the individual component techniques while compensating for their weaknesses (Table 2) . SPECT-CT and PET-CT are two well-established examples in clinical practice (2, (26) (27) (28) . PET-MRI is the most recent development in the area of hybrid imagine techniques. Even without a single device for both modalities, the retrospective fusion of FDG-PET images with MRI is a promising method for tumor detection, as has been demonstrated for gynecological tumors in the pelvic area (29) . A comparison of PET-MRI with PET-CT in cancer patients showed that 18% of patients had findings on PET-MRI that were 
TABLE 2
Imaging studies based on variables that indicate bone metastases (blue box = suitable). Note the high potential of the hybrid techniques, PET-CT and PET-MRI.
clinically and therapeutically relevant but were missed by PET-CT (30) . Further systematic study is needed to determine the role that PET-MRI might play in the detection of bone metastases in patients with various types of primary tumor.
Concluding assessment and discussion
The detection and evaluation of bone metastases is a matter of high clinical importance. Bone metastases are revealed by imaging studies either by anatomical visualization or by the detection of metabolic turnover in the metastasis itself or in the surrounding bone.
An analysis of the literature on bone metastases indicates a number of current trends:
1. The established imaging techniques-projectional radiography, skeletal scintigraphy, CT, MRI, and PET-have undergone further development in recent years, with a resulting improvement in their diagnostic yield. 2. As a complement to these, we now also have the hybrid techniques SPECT-CT, PET-CT, and, most recently, PET-MRT. The simultaneous performance of two techniques improves the overall diagnostic yield synergistically while shortening the duration of testing. Most comparative studies of imaging methods for detecting metastases use surrogate parameters as a reference standard, because universal biopsies for histology (the theoretical gold standard) would be neither practicable nor ethical. The results of many of these studies are, therefore, difficult to generalize. 3. The quality of the findings of imaging depends not only on the apparatus used, but also on the user's experience in the diagnosis of musculoskeletal lesions. 4. For each patient, the optimal diagnostic technique should be chosen individually, by a joint decision of the imaging specialists and the treating physicians, on the basis of the tumor entity, the tumor biology, and the patient's general condition.
TABLE 3
The sensitivity and specificity of various imaging techniques for the detection of bone metastases (according to Ref. 14) CT, computerized tomography; SPECT (-CT) • For patients with certain types of primary tumor who are asymptomatic but have a moderate to high risk of metastasis, skeletal scintigraphy detects metastases with high sensitivity, particularly if SPECT or SPECT-CT is performed in addition.
• Projectional radiography is the diagnostic method of choice to evaluate symptomatic bone lesions, to assess the risk of fracture, to investigate suspect scintigaphic findings, and to monitor the effects of treatment. If scintigraphy is positive but plain films are negative, a CT or MRI should be obtained.
• CT is helpful if the findings of other imaging techniques are unclear (e.g., pathological vs. non-pathological rib fracture), and it is an important means of assessing stability in bone lesions. CT combined with SPECT enhances the specificity of scintigraphy by revealing degenerative changes.
• Whole-body MRI and PET-CT are now the most sensitive and specific methods for the detection of skeletal metastases. Whole-body MRI is becoming more widely available; it enables the most sensitive detection of bone-marrow metastases and extraosseous tumor extension. For certain types of primary tumor, PET-CT often suffices as the sole imaging method for staging.
